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 *v
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�p]a�isbp̀ n̂bjf̀ �n\n
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peni\s�+̀a
Mjph�+̀a]\n\ibp�_̀]f\n\.a\pes̀ p̂\a�n\cg\p\ǹfef�nbcg\pm_b�bcibj
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g\aba\ib]jn.�]̀acghfrlnT\is�ìan\T̀lsb-np\a]j+nh�\anhf̀nb
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jib_b̂ibjc�a\penn�\T�]epbj
 F̀_̀p�]\f̀ \sg̀p�ci\s\__\��c\_�bŝTfln�%%J=@?�
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�1��������.e_\.�b��nlŝǸaibabaismgpbs̀cpbn�+bjn�̀ p̂bn\g\ams\��s̀ aibabjcn\

�����������������
�����������	��������
 ��������	
��
�




�� ��������
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f�sl]ec]pb.̂gpjbplnK>KL"A�g-sabc]ph+bcf\c`̂n\an\ �̀̀pm]bjf̀ penibahpep\pbj
��������	
��
�
 �����������������
�����������	��������




�����	����	�
�� ��

.agp-bjibjisbg-ip̀ af̀ pen+s�]epbjgmT̀ \_�bŝTfbj ǹef�sl]ecg\Tqcg\apbn�hspb
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+s�]egmibabj ǹ.amf̀]bj �̀jies�pe
8p\()(]j]p�f\p\ibjjims+bjn �̀jies�p̀c�
+se]afbibab-np\afhnb�a\pen\n\gm_j�epln!""#Aibjisb]��sbjngmibabn\i\a�
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g\a h_̀cba \np\__\��cfenjfmpln �̂nbnp\a f�]lpbj �̀jies�pe 9]+�f\t
tD
 �b__b̂
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 �\i_̀bǹgp�f\p\\jp�cpecf̀Th.bj`̂n\ahpae.à-Tjn]epbj �̀j�
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\ih.b]e ǹhcg̀npsagbibaef�nbj �̀jies�pe9h]bn\�bsmpac\n\Nep�]̀acD\__mp\jph+sbn\
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\jphcpbn]j]p�ǹ a ]̀ f̀sagb-c\ghf\
 d̀njims+̀ag\n�n\cg̀npsagbibaef�nbcghfrbc

�����������������
�����������	��������
 ��������	
��
�




�� �������������
��
������������

ibjn\]jnpbn̂Ǹa pb.̂gpjb
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�� ���
���
�������


 �C6C$�'��%$*�6 �4'!$� �" �%'�%$��#!*2�'�6�BD26"�C6C$�'�E��%$1&#6;$� �"26
'�����a 2"&=-=JKL�* �%3&!$4$!5��!&2"�6;6"2 $��6?*%&!6 �26" "���D9#6� E�
�!&2 .�%$*1�2*�C61$;�26�* �� =̀-=JK<KH7KH�* '�65��"*%6;1*�$����%$1&#6;26"
#�"��2*� &!�26" &�=-=JKF2*�'%6"�M�

� $2;2 &���* '0$=-=JK<KH7KH�!&2"�$%$"65  $��39'!"1�$O*<J9"���6�&�6!.26"
 $*�!�2 6�F%63D 6�M' " '3�B6'���'$*OL-+K�%'#D%$"$��%$��#!*2�'�$<KH7KH� `
5C"$�$<KH7KHC"� &!65 &�=-=JK $*2*�6%�#D�$� ��%6!"$C"#DO*,,<9"��'6�6#C'26"� &�

%3&!$4$!5���1%$�'�E�0&C"�C"#�25�65��"�%3�� =̀-=JK<KH7KH6�&�6!.�6 �"�6O*,,�%'

 $*��%$��#!*2�'�$*�<KH7KH<#�"%!$E165FO*<JM &�%3&!$4$!5��* �2 $*�%63D 6� $*�


6!9�25��* �6%"#6� !.�6 �"#�"2 $%' 6%!'%6"��95�6 �"O*<J'��C6C$�'�$�:2�$365R
 �"#*!5E��6'���$� '3$�6 $�.�� %̀' 69"�%�!DC6"9��0C6�95�6 �"O*<J2 $*�%63D 6�

& "���"���6 $������* �C6��33D?6"%6!"22' 6!$�%''��C$3D!"$�

���
�	

'̀!$�,K-<K+EPK%!E $R�!&2"�$%$"�1&#6.�!/9"���6%" ;�6"2*�'%6"�=-=JK262*2 ��� �

#� ��6�&�'�E��!�65E�FLE<+HEG*+KL�,K<8<+KP<M�1%52&�0�!&2"�$%$"�1&#6.�b/�62 '�$
��C"� &!�26" "2�*!�2*�'%6"�2 $�%�9#'2�"$"2 'F�IH,L�ELK�KGM� 
"C'�65��"' "
9"����%$4;9$*�6 $��69D3$4'! $2 $E)+KH)K+0�!&2"�$%$"$;�6OHI�8<KH7KH� @�E�

$"%3&!$4$!56�%$*95�$� �"=-=JKL2 $*�OHI�8<KH7KH<�%$!65���&�65��"%D� �2E2 '��
"̀%6!"22' 6!$"�&���"2�$5 699*$;� �"�'�$��Y����#HG!�$�%�!'�$� ��2 �16!D+EPKR

+IR,E7K&#D�$� ��%6!"$C"#DO*,,<9"���2"9$*!6;$*�' "&=-=JKL%3&!$4$!5�65��"�#'��
'9#*!&�


'��$"� $*,K-<E)Q%!$ D1&#6.2 6��C"� &!&165�*2 &!�2*�'%6"��6�"#!'4'! $�&R
�*�D E�� a 2" $<KH7KHC5�6" '���!'�$,K-<K26#D16�5 &2&#D%$"$*OHI�8� `�!'�$�

�* '�*%$C&3.�6"  $�!$�"#'C"D2 &��2 $$%$5$$<KH7KH1�6�&�6!.26"  E�OHI�89"�
%"1����33�9��1D�3�?6" $,K-<K+EPK$OHI�8<KH7KH%!'%6"��6%"#$"�E��26"#�"%D3"�6
 $�<KH7KH9"�������6.26" $,K-<K%�5!�$� �� �* '�!$��#�" &��'�'#C$2& &�%3&R
!$4$!5���a 2"�%$!$;�6��6%&!6D2$*�6 $��!"1�' E��&�*�D E�%$*�� �33D22$� �"
F����6.26"�,K-<K+EPKM�!&2"�$%$".� ��C"�4$!6 "#'� "�'� $*,K-<K+EPK�
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kMIGIlBaLC@GQeHBIMIHAeINBaIMIHCKAMIPaBOiIKI�mmnopqaMHiNBIlBarHCLCKHCK̂ eINBa
CNPAPQLMsQGItIGjCD�HCMCGSKaHrBCcBMIGIlBaLC@GQeHBIMIHAeINBaRSMIHCCMbPHJBaibu
KINJCLCNAPQeQJMINMaGHrGStQRCLePIRatvDwcBaRSMIHaJPGIMIMIHAeaHJDkbLIMINP̂ GC
KaLMsQBBNGjNINBaPIKjRPNIBaBQLlBCPCCLCNAPQeQJCssSBaBQLlBCPCaLQBOGTeQJD xH
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RPIGCbPCLCNPbJajLCHm	op_ARCHLCBQLtPSeaHRCibsINUsbrT���RPsVDxRCPSssQsIJ
eNLKNCeBbJPTLKlIMCGCMSLTBaibKTLBMIGajLCIKQrAeaHeaCMIKIPHRIlJCsrIGjiBINJ
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MIHIlLPHJBaibKINJ�
�h��
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"mmnopqDxCMsbJCsrbGHiBIJ"mmnopqURatvDwVO@aHMIslRCsSCMIPasOeBCPCbeILCtIGS

PIMIeIePbPTLRbB̀TLMINaLQBaĜ LILPCH CssSO@aH BarSsIm#_$h_gnBQLNBSPTLD �L
BaĤ eINBaRCPSMIslPI��%BMIGIlBaLCMaGHIGjeINBaPILCGHiBbPTLBQLNBSPTLCssS

IH CMIBCRGNeBOLIHRbB̀IH KaLiCaLQBaGTiIlLMIPOD �MbPQLSssQc ICsrbGHiBIJ$gpu
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�hKaLarrNSPCHbPHbsIHIHRbB̀IHiCsS̀INLPIBALNBC
aLQBOGTeQJD�NPbBMIGajLCrjLaHrHCCGRaPIlJsbrINJD (HCMCGSKaHrBCcBMIGajPI��%

LCajLCHBHRGbPaGICMbPQLCMbePCeQMINCMCHPajPCHrHCLCtPSeINBaPILMGSRPIGCUhm��VD
!MjeQJcBMIGajPIBALNBCLCBQLtPSeaHsbrTPQJPIMIsIrjCJPINKHRPlINCtIlPIKjRPNI
BMIGajLCajLCHBQeNLKaPHRbALCBQLajLCHKQBItHsAJIMGSRPIGCJMINKaLaLQBaĜ iQRa
UbeIHMaGHeebPaGIHPILrLTGj INLPbeIMaGHeebPaGIHBMIGIlLLCPINMGITiAeINLBQLlBCPC
aLQBOGTeQJVD �OsIJc BMIGaj LCO@CeaPIBALNBCaLQBOGTeQJsbrTPINbPH APCLaRPbJ
saHPINGrjCJUm)op_VPQL ĜCPQJBaPCRjLQeQJD

*PCLRSMIHIJMGSRPIGCJCLPHsQtiajbPHQfgfh_PINO@aHRSMIHIBQOrRNGQarrGCtAciC
MGOMaH LCaRRHLAeaHPQLBOiIKImpun_�gpn�
��BaePb@ILC G̀aHRSMIHILMGSRPIGCMIN
O@aHaLQBaGTiajCMbPI�
�hMINO@aHMGIQrQiajD�LKaL G̀aHPQLLOCiOeQBaPSRCHCMbPQL
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�hbMINF �2 S̀iIJaLQBOGTeQJcn2MCGSBaPGIJn_fg�c
��%2�o�_�m�o#_

KHCKHRCejC�
��cCNPbBMIGaj LCeQBCjLaHbPHIMGSRPIGCJMINMCGO@aHPQLNMQGaejCajLCH
CMsSaRPbJelLKaeQJAbPHPI�
��KaLOtPCeaW�3Y454YMGSRPIGCMINrLTGj aHPQLLOC
iOeQPQJNMQGaejCJD

(HCLCaMHPl@INBaeTePAeNLOMaHCePHJfgfh_PTLMGCRPbGTLPINKHRPlINMGOMaHLCRSLINBa
@GAeQRCHPTLKlICsrIGjiBTLeNLKNCeBOLCc@GQeHBIMIĤ LPCJbBTJMCGCBOPGINJMINiC
BCJarrNQiIlLeTePAaLQBOGTeQBaBHRGbCGHiBbBQLNBSPTLD*BTJcPIalGIJPIN�
�h
UPIMbeIBarSsI"mmnopqiCRSLINBaVe@aPj aPCHSBaeCBaPIalGIJPIN�
��D 6QsCKAc
CLrHCRSiaBaPCRjLQeQRSLINBaOLCMIslaNGl�
�hcBMIGIlBaLCaRPasOeINBaOLCMHI
MaGHIGHeBOLI�
��sbrTPINbPHMaGHBOLINBaOLCBarSsIMIeIePbPTLMGCRPbGTLPINKHRPlIN
LCO@aH OrRNGQfgfh_RCH SGCLC G̀IlBaMHIalRIsCCMSLPQeQePQLCLC APQeQPQJLOCJ
iOeQJD�IjKHItNeHRSHe@laHRCHCLPjePGItCD*MTJiCKIlBaRCHCGrbPaGCePCMaHGCBCPHRS

CMIPasOeBCPCc@GQeHBIMIHIlBaMaGHIGHeBOLI�
�hBbLICLIGNiBbJPTLBaPCRHLAeaTLajLCH
MIslBarSsIJUrHCLCCMItlrINBaPILCNdQBOLItbGPIBQLNBSPTLVD
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�� BMIGaj LC àsPHTiaj CLRSiaMGSRPIGCJKHCPQGaj OLCL3YX��[�[X�4
�ZY3X�Z�4�[!��XY3�4���3Y4�Z�W�YXYeaeNLKNCeBbBaPQL@GAeQMaGHIKHRIl�
��opq
UCLPjrHCmpun_�gpnVDxRCPSsIrIJCNPbJILIBS aPCH$���"������������D

*MTJRCHePICMsb�
�h��
��cbPCLRSMIHIJMGSRPIGCJBaPCRHLajPCHCMsSRSLaH�
�hePI
KjRPNIPQLMsQGItIGjCrHCPQLLOCiOeQD�KHCtIGSPINeNrRaRGHBOLINCsrIGjiBINOrRaHPCH
ePIbPH3����Z�3X[ZY\MINiCsS̀aHPIBALNBC�
�hCMIiQRalaHPQLMsQGItIGjCPINea
OLCLPIMHRbRCPSsIrICRbBCRCH CLKaLO@aH ePQLfgfh_RSMIHCNMQGaejCPINBaPCRHLQu
BOLINMGSRPIGCD xRCPSsIrIJCNPbJILIBS aPCH $���"������������D�MsQGItIGjCCNPA
CMIiQRalaPCH BbLIrHCOLCBHRGb@GILHRbKHSePQBCD 
HIeNrRaRGHBOLCc RSiatIGSMIN
MGIePjiaPCHOLC_p�$�ePI�pmm�opqno$_f�m$�sCB̀SLaHQBaGIBQLjCsAdQJU_��o$g�omp�o�_VD

�KHCKHRCejCPIN�
��opqajLCHMCGbBIHCBaPINMGIQrINBOLINCsrIGjiBINcBbLIMINP̂ GCQ
CLC APQeQKarjLaPCHBbLIePHJfgfh_CssSRCHePINJRCPCsbrINJ�pmm�opqPTLMGCRPbGTL
MINeNBBaPO@INLePQLCLC APQeQD �@GAeQRCPCsbrTL�pmm�opqiCAPCLS@GQePQCL
RSMIHIJMGSRPIGCJatCGBbeaHPILCsrbGHiBI�
��CtIlMaGSeaHCGRaPb@GILHRbKHSePQBC
CMbPQLBaPCRjLQeQPINMGSRPIGCMIN S@LaHD 
HIeNrRaRGHBOLCcMGOMaH LCCLC QPAeaH
MGHLsAdaH PI_��o$g�omp�o�_PIN�
�hrHCPj CssĤ JKaLiC G̀aH RCBHSMsQGItIGjCePC
�pmm�opqno$_f�m$o_�D !PeHcIHMGSRPIGaJiCMGOMaH LC�4���Z"4[!4[��3��Z�X�4���%�
X[!\��Z�[]�3�Dx@GbLIJBaPCdlKlIKHCKI@HR̂ L�
���iCMGOMaHLCajLCHBHRGbPaGIJAjeIJ
CMbPI_��o$g�omp�o�_PTL_p�$o_�ePILRCPSsIrI�pmm�opqD

�lMCGdQPINRCPCsbrIN�pmm�opqBCJaMHPGOMaH LC@GQeHBIMIHAeINBaOLCMIslMaGHIGHu
eBOLI�
��CtIlMsOILKaL@GaHS aPCHLC SdINBaeabsIPIKjRPNIRSMIHILMGSRPIGCMIN
LCO@aHePQLfgfh_PINPQLNMQGaejCD!MaHKAbsIHIHMGSRPIGaJMINsCB̀SLINLPIBALNBC
�
�h#iNBIlLPCH$rHCsjrIPQLLOCiOeQPQJNMQGaejCJc YZ3�% 4Y&Z[ ��X[!��'�WX[454Y
�Z�3X[ZYY��X[4[�[%[�5ZYW���4!�Y"#$%()*+a,a+-./+,0123/0a4*53/ji*aj6*+,/ss/j
,a0+eeb3a0/+c*02aj76*,/sl,a0+/0+e876/�
��(

�*53b90/6*c/2*31s/r/4�pmm�opq8,/0aj6*/-:r.ea+eae56a,.fgfh_90:e+8/,/+̂ 63*4
2*+,/sl,a0+/0+e876/�
�h(�53b+e9la+r+*3j-a68*4a6-+*t70a+,s7/66*a6:8a0̂ e/58a
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be/3/-56*3b,a0+eeb3a0/54,0123/0a4*ss1*,s16*t31ea+ 54���4!�� ��3�������[�
4��(�/,a0+/-+2b�
��opq,/5rj6a3*+i*arr5:iajb3+bs/+/+,0123/0a43:4ra+3/6+14i*
a6:8a0�i/l6r+*3:667*i7e:(

(+*,*01-a+r8**621ia2b8̀/4216a+�
��e3:6�uhm�ra+3/6+1c*53be:8*j6a+b3+*02aj6*
a6:8a0�e/58a8a3/�
�h76*62b8̀/ea21ia�uhm�ra+3/6+1( !3e+-a6aj6*+*,*0*j3:3/
6*90:e+8/,/+.e/58a76*a50l�
�h( �02aj 6*216/58a�
�h90:e+8/,/+�63*421,/+/6
#as*t0l$*srb0+i8/b,�43/
u$gpnm��g�h�	2at
(�(�
(�3/,*01-a+r8*3/5e9.8*3/4�(w
s̀7,/58ab3+21ia,01e+6/42b8̀/479a+a6:8a0�iaj*,b3/8.658*�
�h( !3e+ea21ia
,01e+6/2b8̀/5,109a+e3/62*31s/r/�pmm�opq:,s:0/t/0j*b3+/2b22+6/42b8̀/479a+
8a3*2+6:iajea-/e876:i7e:(�53b*02ajr+*6*81i/562*+bs/+/+5,bs/+,/+2b8̀/+3:6
,s:0/t/0j*b3*621,/+*e3+r8.216/56��$omnofu�
��(

�
� � � � � � � � � �

� � � � � �  � ! � " � � � # $ � � % � �  � & �
push. ' ( � ) � & �

snooping directory 
& � " " � � � � � � & � ! *

.

� � � � � �  � ! � � � " � � � # + � � , % -  � ) � � & ) . � / � �
pull.

�9.8*�(w0 
*01-a+r8*�
�h��
��8a�pmm�opqno$�f�m$o��b3*6216/58a,a0+/-+2b�
��ea
�uhm�ra+3/6+1(*s/+/+2b8̀/+ea*53b3/,*01-a+r8*i*a6:8a0�i/l6

&5i8j /63*4e�e313+4,*0*8730/543/5*sr/0ji8/5	,*018a30/+3/5�
�h��
��c���o$g�omp
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(+*6**,/tlr/58a3/68ar1s/br2/8:65813�6,/5,0/2*saj:t1e:�
�hc,07,a+6*r6�0ju
 /58a,/56*e3ajs/58a3+4a6:8a0�ea+4�e3a6*8:63+4e37s6/58a35ts190:e+8/,/+�63*4
21,/+/6*srb0+i8/3l,/5"mmnopq(� *̀e+2.+-7*3/5#a6:8a0�876/5$�
�haj6*+b3+21ia
,0123/0*4-+*3:0aj76*62*31s/r/*,b3/54,0123/0a4,/579/56e3:6fgfh�3/5421,/+*
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(

*3*621,/+/4,0123/0*48a3*2+6aj3*+c90a+1 a3*+6*a6:8a0�ea+8b6/3/54,0123/0a4,/5
0̀je2/63*+e3:6*6ae30*8876:fgfh�( !3e+cbs/+a6:8a0�6/63*+ �����c8a3/6&5�����


�	������4!����4a6�-a6*,*+3aj3*+,s7/6:90.e:3/5*sr/0ji8/5�
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,0123/0*8,/0aj6*8:6aj6*+*,/-/3+2b( (+*,*01-a+r8*c5,109/56,0123/0a4,/579/56
-:8/t+saj45,:0aeja4c -:s*-.5,:0aeja4,/5aj6*+ fgfh�n*,b,/ss/l4c2*+ /6/81 /63*+
���
����%��	�3�
	��(x2*31s/r/43:4*6ae30*8876:4fgfh�e3/54-:8/t+saj4,0123/0a4
8,/0aj6*aj6*+*,*r/0a53+218ar1s/48a*,/37sae8*6*,07,a+ 6*20*3.e/58a8b6/76*
,/e/e3b3/5( )*31e567,a+*c*t/l-a620*3aj3*+/sb2s:0/4/2*31s/r/4c8a3/�
�hi*
a6:8a0�iaj8b6/76*,/e/e3b3�6a6-+*ta0/876�62*+10*90a+* b8*e3a2*+3/6*srb0+i8/

	mpun��gpn
�
��(!6*4a,+,0beia3/4sbr/4,/590a+1 a3*+3/�
��opqaj6*+b3+/,0123/0*4
8,/0aj6*8:6a6:8a0�iaj*2b8*2*+*6aj6*+e3:6*6ae30*8876:fgfh�sbr�3/5b3+.3*6
a23b4el6-ae:43:6�0*3:48a3*2j6:e:4(

k+* às3j�e:3/5,*0*,16�,0/̀s.8*3/4aj6*+6*e56-5*e3aj8a3:6+-7*3:48jei�e:4.
��g�opq( �87i/-/4��g�opq,0/31i:2a*09+21e3/
���8ae3b9/6*,+e3/,/+.ea+b3+ 76*
2*3à*e876/*09aj/-a679a+*ss*9iaj*,b3/6*09+2b��$#�$r+*76*e5r2a20+876/	��g��n


90/6+2b-+1e3:8*�e3a6*8,/0/l8a6*90:e+8/,/+:iaj3/2*3à*e876/3/,+2b*63jr0*t/(
�3:6-+2.8*4,a0j,3�e:c3/-+1e3:8*��g��5,/-/5s�6a+3/-+1e3:8*e3//,/j//+-+/23.3:4
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8j*45,:0aej*4	$��m
$f�m�p�$
i*a6:8a0�ea+3/68+ei�3.ea,a0j,3�e:,/58a3*2+6:iaj(
�63/��g���o��s.da+c:arr0*t.8,/0aj6*è:e3aj*,b3:6*6ae30*8876:fgfh�2*+/
,0123/0*46*8:6a6:8a0�iajr+*3:68a3*2j6:e:( �6/��g��$ias.ea+ 6*e56a9jea+ 2*+
*0rb3a0*6*a6:8a0�6a3*+c,07,a+6**6*6a�ea+3/��g��(

kj*e:8*63+2.-+*t/0/,/j:e:3/5*sr/0ji8/5*53/laj6*+b3+,s7/6*,*+3aj3*+:*,/e3/s.
8:65813�621iat/01,/5/8+ei�3.4i7sa+ 6*,0/ei7ea+c è.ea+ .2*+ *63+2*3*e3.ea+
21,/+*arr0*t.e3:6fgfh�( (+*,*01-a+r8*cb3*6ias.ea+6*,0/ei7ea+21,/+*5,:0aej*
e3:6fgfh�3/5,07,a+6*a,+2/+6�6.ea+8a3/6+-+/23.3:3:42*+6*,a0+876a+3:6*,163:e:
:/,/j*i*,a0+79a+3/��g���o��(x8/j�4b3*6ias.ea+6*è.ea+�*63+2*3*e3.ea+21,/+*
arr0*t.(

*3*676*4,0123/0*4�8a3*2+6aj3*+c,07,a+ 6*a6:8a0�ea+2*+3/54,0123/0a43:4*6au
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	�����3�4
4�3��fgfh�(�3/e9.8*�(�c/
79a+e3:6
fgfh�3/6�2*+/�79a+e3:6fgfh�3/6�(�53be:8*j6a+b3+/,0123/0*4�79a+e3:6
op#�$��nfgfh��mp�2*+/�79a+e3:6op#�$��nfgfh�3/6�(*3*6/�8a3*2+6:iaj,07,a+
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87e�3:4*6ae30*8876:4fgfh� �e3am
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�e3a/�6**6*6a�ea+3:6*6ae30*8876:fgfh�3/5(
07,a+s/+,b66*e3ajs/58a8:6l8*3*
e3/54,0123/0a42*+3�6-l/fgfh�(
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C

Cache entry

Inverted cache entry
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23b0�6c-:s*-.-ae8al/56,b0/54r+*3:6ad5,:073:e:1ss�6(

�
�
� ��	
���
	�����
������
�

����� ������	��
�
�������
�

(+*3:6*d+/sbr:e:3:4e58,a0+t/0143�6,*0*,16�,0/3a+6b8a6�6*sr/0ji8�6cr01 *8a
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g\R\ Yh\Z_̀Yi hj[kl_gZlm YRZhnoph̀ ZR WhWVQg\R kV[ k_iYh̀ZR̀ \R hkhjh_̂ RqZhX YR̀ QhZo
ZR hkhjh_̂ ophZR̀ QgO_̀ \R ]rqh̀ ZV k_in]lQR YR̀ qZg]\h̀ ZR RkVZh]gqQRZR kXq"qZV\

hj[kl_gZlT s\lhYZg]hqlWh\hk̀ZrOh̀ ZiZhR̂ \VhXZR̀T tR_iQV̀Rq[qZPQRZRgOV[\O_lq̀QVu
kV̀lvhX RkVY_[kZV̂ _owlqlkRYgZ"\YR̀ RkihZR̀_Xh$ik"$l�xydez�e{y|ecYR̀ l�xdf}byaT

~����� �D?F�BA=
UV�a�aa ��� YR̀ ZV �}fb�e�c ���� hX\R̀ WrVkR_iQV̀R ���q[qZPQRZRkV[ R\PYV[\ qZl\

YRZl̂ V_XR bafdya��� |exdfa�y�ez RwVr O_lq̀QVkV̀Vr\ Zl\ ẀgR Z"\ �
�������	T NZV[$
YiQnV[$R[ZVr$R\RZXvhZR̀ W[\RQ̀Yo\Rhj[kl_hZVr\g\R[kVqr\V]VZ"\beefc ZV[ẀYZrV[

Qh ZV \R Yo\V[\ |a|�yx� YR̀ yxze�yx� Z"\ R_OhX"\ ZV[$T �̀ beefc hY]ĝ V\ZR̀ R[ZiQRZR
^̀R \R X̂\V[\ c�befx}zec R\ gOV[\ R_YhZi hr_V$ẀYZrV[ YR̀ hkhjh_̂ RqZ̀YP q̀Or$T NZV
�}fb�e�c g\R$ Yh\Z_̀Yi$ hj[kl_gZl$Y_RZo ]XqZR Qh YokV̀V[$ Rki ZV[$ ��bef�}zecT

�̀ R\RplZPqh̀$qZg]\V\ZR̀ Qi\V qh c�befx}zec YR̀ iÒ qh Rk]Vr$beefcT s\ YokV̀V$
c�befx}ze RkVZrOh̀ V̀ q[\WhWhQg\V̀ qh R[Zi\ beefc QkV_Vr\ \R q[\WhvVr\ qh o]]V P
YokV̀V$RkiR[ZVr$\R X̂\h̀ V\gV$c�befx}zeT
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Yh\Z_̀Yi$hj[kl_gZl$^̀R R\RpPZlqlm V_̂ o\"ql YR̀ hk̀YV̀\"\XRT �̀ O_PqZh$q[\WgV\ZR̀
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��}}��bcef{ef�kV[V\VQophZR̀ 	x��a|�eT s]]oR[ZiWh\ hX\R̀ [kVO_h"Z̀Yi�QkV_Vr\ \R

q[\WhvVr\ n_XqYV\ZR$Zl\ Ẁhrv[\qlYokV̀V[beef Qgq"�e�c�f}�bcm�e�cydec YZ]T swVr
q[\WhvhX Qh g\R beef hX\R̀ hrYV]V \R n_h̀ YR̀ o]]V[$YiQnV[$^̀R \R q[\WhvhX Yo\V\ZR$

YokV̀R R\RpPZlql Qgq"ZV[ k_#ZV[ T �̀ YiQnV̀ qZV	x�de��a q[\Pv"$q[\WgV\ZR̀ Qh
Z_h̀$o]]V[$YiQnV[$YR̀ QhZo hYZh]Vr\ R\RplZPqh̀$O_lq̀QVkV̀#\ZR$YokV̀V�f}az|acd
qh i]V[$ZV[$ ĥXZV\h$kV[ Qh Zl\ qh̀_o ZV[$ZV k_V"vVr\ qZV[$ ẀYVr$ZV[$ ĥXZV\h$

YTVTYT�ẀRẀYRqXRR[ZPV\VQophZR̀ ����������������T swVrn_hvhX VYiQnV$kV[gOh̀
ZV R_OhXVl hk̀YV̀\"\XR X̂\hZR̀ Rkh[vhXR$QhZRjr Z"\ WrVYiQn"\ ik"$YR̀ qZR [ki]V̀kR
���WXYZ[R�qOPQRST��
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UV�feexed ��� hX\R̀ g\R RkVYh\Z_"Qg\V ���qrqZlQRT �ko_Oh̀ Qh_̀YP WVQP R]]o V̀ beefc
V_̂ R\#\V\ZR̀ QhZRjr ZV[$T �[q̀RqZ̀Yo O_lq̀QVkV̀hX ZV\ h]hrvh_V O#_V qZV\ WXqYV Z"\

beefc ^̀R\RWlQ̀V[_̂ Pqh̀ g\RYV̀\ih̀YV\̀Yi'�ec�cde�T	YhX hX\R̀ YR̀ lYh\Z_̀YPẀRwV_o
ZV[ Qh ZV	x�de��a ZV VkVXV hX\R̀ g\R'�e c�afyx� qrqZlQR h\#ZV�feexed hX\R̀ g\R'�eu
cd}fa�e qrqZlQRT 	\#qZV	x�de��a ZR R_OhXR R\Z̀ _̂owV\ZR̀ iZR\ g\R$O_PqZl$vh]Pqh̀
\R ZR YRZhnoqh̀ m qZV�feexed ZR R_OhXR QkV_Vr\ \R k_V"vlvVr\ qh o]]V[$YiQnV[$^̀R
RkVvPYh[qlPfeb�y|ady}xT

UV�feexed gOh̀ qOhẀRqZhX#qZh \RkR_gOh̀ �����	
���
��
�����qZV[$O_PqZh$ZV[T	Xu
\R̀ R\gẁYZV\RR\RYR][wvhX lk_R̂ QRZ̀YPkl̂ PZV[R_OhXV[�VO_PqZl$kV[ZVWlQ̀Vr_̂ lqh
P ZV gYR\h c�afe�^̀RZX ZR WhWVQg\R Rk]okh_\o\h RkiYiQnV qh YiQnV YR̀ hX\R̀ RWr\RZV
YokV̀V$\RYRvV_Xqh̀ ZRkh_̀hOiQh\RkV[[ko_OV[\ qZV\ ẀYiZV[YiQnV�kiqVQo]]V\ \R
Y_RZlvhX [khrv[\V$^̀RR[Zo�T

�ZR\ g\R \gV R_OhXV ZVkVvhZhXZR̀ qZV qrqZlQRm [kV]V̂ XphZR̀ g\R�e� ^̀R R[Zi YR̀ ZV
R_OhXVR[ZiZVkVvhZhXZR̀ qhbeefckV[gOV[\R_OhXRQhkR_iQV̀V�e�T s\YokV̀V$R\RplZPqh̀
R[ZiZVR_OhXVvRhk̀qZ_RwhX qZV\ R\RplZlZPQgq"h\i$QV\VkRZ̀VrYR̀ iÒ YRZh[vhXR\ Qh
RkVZg]hqQR \R hX\R̀ RWr\RZV$V h\ZVk̀qQi$ZV[T �kV̀VqWPkVZh h\ẀoQhqV$YiQnV$Yo\h̀
|a|�eZVR_OhXVYR̀ QkV_hX \RR]]ojh̀ ZV\RkVqZV]gR�nopV\ZR$ZV\hR[ZiZV[�T s[ZPhX\R̀
o]]lQ̀RẀY]hXWR^̀R\RẀRZl_lvhX lR\"\[QXRRwVrV̀ beefc kV[gYR\R\|a|�eZVWhWVQg\V
Wh\ QkV_Vr\ \Rvh"_lvVr\ [khrv[\V̀ Q̀R$YR̀ R[Ziĝ \̀h O"_X$ẀỲoZV[$kR_gQnRqlT
�ovhYiQnV$gOh̀ g\RkX\RYRW_VQV]î lql$QhZV[$YiQnV[$kV[jg_h̀ YR̀ ZR�e�cZV[$T UV
�feexed hX\R̀ �}}ce��cdf�|d�fez^̀RZX g\R$YiQnV$QkV_hX \R[kV]V̂ Xph̀ kV̀V̀ beefc hX\R̀ k̀V

k̀vR\i\RgOV[\ZVWhWVQg\VZl$R\RpPZlql$YR̀ \Rk_V"vPqh̀ ZVQP\[QRQi\Vqh R[ZVr$T
�Zq̀ WlQ̀V[_̂ hXZR̀ g\RQV\VkoZ̀ kV[gOh̀ Qĥ o]h$k̀vR\iZlZh$\RVWl̂ Pqh̀ qZVWhWVQg\VT

th_̀qqiZh_h$k]l_VwV_Xh$qOhZ̀Yo Qh ZV k_"ZiYV]]V YR̀ Zl\ R_ÒZhYZV\̀YP ZV[�feexed
QkV_hXZh \Rn_hXZh qZl\ q̀Z̀Vqh]XWRZV[ ���T

����� !�����"#$�"���$#$�'&'��
"�&'()(

������0��������������� �������� �¡� �¢�£ ¤�����¥¦�£ §���£



��� ��������������������	
��
���	���
�
���

��D?;
�} |�}fz ���� hX\R̀ g\Rk_"ZiYV]]VkV[hk̀Z_gkh̀ Q̀Rc|a�a��e _̂P̂ V_l R\RpPZlqlYiQn"\

kV[kh_̀gOV[\ q[̂ YhY_̀Qg\RWhWVQg\RT NZV|�}fzVYovh YiQnV$R\R]RQno\h̀ \Rhj[kl_hu
ZPqh̀ q[̂ YhY_̀Qg\RWhWVQg\RYR̀ O_h̀opV\ZR̀ ���}� x�nPQRZR^̀R\Rn_VrQh VkV̀VWPkVZh
YiQnV Rki VkV̀VWPkVZh o]]VYiQnVT �̀ YiQnV̀ V_̂ R\#\V\ZR̀ qh g\R\ WRYZr]̀V YR̀ Yovh
YiQnV[$jg_h̀ ZV\ RQgq"$k_Vl̂ VrQh\VYiQnVm ZV\ RQgq"$hkiQh\Vm ZV\ � �}bc hkiQh\Vm
ZV\��}bc hkiQh\Vm ZV\ �}bc hkiQh\V YVYT �î"Zl$V_̂ o\"ql$jg_h̀ kV]r kh_̀qqiu
Zh_V[$YV\Z̀\Vr$YiQnV[$kR_oQRY_̀\Vr$T tR_oWh̀ Q̂RZl$ZVkV]V̂ XR$|�}fzQkV_hXZh \R

WhXZh qZVqOPQRST T

NOPQRST �UVWXYZ[V|�}fz

�̀RZl\ R\RpPZlqlV[q̀RqZ̀Yok_"VvVrQh Zl\ h_#ZlqlqZV\YRZo]]l]VYiQnVRkiR[ZVr$
kV[ jg_V[Qh� qZg]\V[Qh Zl\ h_#Zlql qZV\ Zh]h[ZRXVYiQnVkV[ hX\R̀ k_̀\ RkiZV\ YiQnV
kV[�oO\V[QhT s[Zi$k_V"vhX qZV\ RQgq"$k_Vl̂ VrQh\VYiQnVkV[ jg_h̀ YTVTYT QgO_̀ \R
n_VrQh ZV\Zh]̀YiYiQnVT

�h Zl\ hXqVWi ZV[ g\R$YiQnV$k_gkh̀ \R vgqh̀ ZV[$WhXYZh$qZV\ k_Vl̂ VrQh\V YR̀ ZV[$
hkiQh\V[$YiQnV[$q"qZoT s]]o R[Zi Wh\ hX\R̀ R_YhZi RwVr i]V̀ V̀ YiQnV̀ qZV WXYZ[V

k_gkh̀ \R R\RẀV_̂ R\#qV[\ ZR WhWVQg\R ZV[$#qZh \R Yo\V[\ O#_V ^̀R WhWVQg\R kV[ vR
R\R]onh̀ V\gV$YiQnV$T	kh̀WPR[ZiRkR̀ZhX O_i\V�(���2�) R[Zi X̂\hZR̀ kh_̀VẀYoT tR_iu
QV̀h$YRZRqZoqh̀$R\Z̀QhZ"kXpV\ZR̀ YR̀ YRZoZl\ RkVO#_lql h\i$YiQnV[T th_̀qqiZh_h$

k]l_VwV_Xh$QkV_hXZh \Rn_hXZh qZV ����T
¤�����¥¦�£ §���£ ������0��������������� �������� �¡� �¢�£
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UV�S��� � hX\R̀ V[q̀RqZ̀Yo g\R$QlOR\̀qQi$ ^̀R c|a�a��e yxze�yx�T �ovh WhWVQg\V
�{a��e�kRX_\h̀ g\R Y]h̀WX ��e��T �RkVvPYh[ql R[ZP$Zl$R\Z̀qZV̀OXR$��abbyx�� X̂\hZR̀

YRZR\hQlQg\R qh i]V[$ZV[$YiQnV[$ZV[ ẀYZrV[T �Zq̀m Yovh YiQnV$w[]oh̀ g\R Qg_V$
�p#\l�Z"\ ph[̂ R_̀#\ ��e�m�a��e�T 	k̀k]gV\ Y_RZo YR̀ k]l_VwV_Xh$ ^̀R ZV[$YiQnV[$

ĥ̀ZV\̀Y#\ p"\#\T NZVqrqZlQRR[ZiV̀ YiQnV̀ O"_XpV\ZR̀ qh g\R\�uzy�excy}xa� YR_Zhu
q̀R\i O#_VT �ovh YiQnV$R\R]RQno\h̀ QXRZgZV̀R p#\l�QkV_hXZh \RZl\ wR\ZRqZhXZh qR\
g\RV_vV̂#\̀VkR_R]]l]î _RQQV�YR̀ qhYovhp#\l[ko_Oh̀ Qi\Vg\R$YiQnV$�qOPQRST(�T

UV �ac�da��e��e�m�a��e�YRZR\gQhZR̀ "$hjP$� VYiQnV$kh_̀gOh̀ i]R ZR WhWVQg\R ^̀R
ZR VkVXR ZV�e� ZV[$RwVr kg_Rqh Rki QXR �xy�}f��ac���x|dy}x���e��ZR gqZh̀]h qh

qlQhXV�kV[R\PYh̀ QgqRqZVZhZ_ô"\VZl$p#\l$T�ZR\�oO\V[Qh ^̀Rg\RWhWVQg\VQh
�e��m ZiZh ZVkh_\oQh RkiZl\ XẀR�ac���x|dy}xlVkVXRQR$YRZh[vr\h̀ ko]̀ qZVqlQhXV

�kV[ hX\R̀ QgqR qZl\ p#\l ZV[ YiQnV[ kV[ gOh̀ RkVvlYh[Qg\V ZV��e�m�a��e�T 	kh̀WP
qZVh\ẀoQhqVQkV_hX \RgOh̀ R]]ojh̀ lp#\l�\RgOh̀ k_VqZhvhX \gV$YiQnV$�m R\Wh\n_hvhX
lZ̀QP qZl\ p#\l R[ZPm YV̀ZoQh qZV[$ ĥXZV\h$T

�ZR\ g\R$\gV$YiQnV$q[\WghZR̀ hk̀]ĝ h̀ g\R Z[ORXV qlQhXV �qZV\ YR_Zhq̀R\i O#_VT
�hZohk̀YV̀\"\hX Qh ZV\YiQnVqZV\VkVXVR\PYh̀ lp#\lYR̀ R[Zi$ZV[WX\h̀ ZV\Q̀qiRki
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ZV\ O#_V Zl$p#\l$QhZRWXWV\ZR$ZV[ ZV �ac� da��e kV[ R\Z̀qZV̀OhX qZV\ O#_V R[Zi YR̀
h\lQh_#\V\Zo$ZV\^̀RZV[$ ĥXZV\h$T s\ZXqZV̀ORqZl\ RkVO#_lqlkR_RWXWh̀ Zl\ p#\lZV[
qh YokV̀V\ RkiZV[$ ĥXZV\h$��ef�e�T

s\R][Z̀YPkh_̀ _̂RwPZV[q[qZPQRZV$YR̀ Z"\ R]̂ V_XvQ"\ZV[vRn_hXZh qZV �� �T

����� �'��#"���� ����$$#"��"
"!�()(

NZR �xcdf�|d�fez ��� WXYZ[Rm iZR\ YokV̀V$vg]h̀ \R R\RplZPqh̀ QXR k]l_VwV_XR P g\R
R_OhXVm k_gkh̀ R\R̂ YRqZ̀Yo\RjhỲ\Pqh̀ Q̀RẀRẀYRqXRR\RpPZlql$qh i]VZVWXYZ[V#qZh
\Rn_h̀ YokV̀V\ beef kV[vRZVgOh̀ T

� ĥ\̀YP QgvVWV$R\RpPZlql$qh R[ZoZR WXYZ[R hX\R̀ l k]lQQr_R��}}zyx��� �beef kV[
vg]h̀ \R Yo\h̀ Zl\ R\RpPZlql k]lQQ[_Xph̀ ZV WXYZ[V Qh ZV RXZlQR ZV[ QgO_̀ \R wZoqh̀ qh

YokV̀V\kV[\RgOh̀ Zl\R\RplZVrQh\lk]l_VwV_XRT t̀Vq[̂ YhY_̀Qg\Rm R\lk]l_VwV_XRWh\
n_hvhX qh YokV̀R ZVk̀YP |a|�em V beef qZg]\h̀ g\R QP\[QR R\RpPZlql$qh g\R [kVqr\V]V
Z"\ YiQn"\ Qh ZV[$VkVXV[$q[\WghZR̀ �̂ hXZV\h$�T �h Zl\ qh̀_o ZV[$R[ZVX kV[ g]RnR\
ZV QP\[QRZVk_V"vVr\ qh [kVqr\V]VZ"\ ẀY#\ ZV[$ ĥ̀Zi\"\ YR̀ VrZ"YRvhjP$T �ZR\
YokV̀V$beef R\RYR]r�h̀ iZ̀ gOh̀ Zl\k]l_VwV_XRm hk̀YV̀\"\hX QhZV\beef kV[jhYX\lqhZl\

R\RpPZlqlYR̀ Wh\k_V"vhX ZVQP\[QRkR_Rkg_RT
�̀R]î V[$RkiWVql$m lR\RpPZlqlR[ZPWh\q[\hOXphZR̀ Rk�okh̀_V\�ZVQP\[QRk_V"vhXZR̀
Qi\V� wV_g$T �kR_oQhZ_V$� V\VQophZR̀ dy�e d} �y{e�����T	k̀k]gV\ g\R$beef QkV_hX
\R]onh̀ ZVXẀVQP\[QRR\RpPZlql$kR_Rko\"RkiQ̀RwV_o]î"Z"\k̀vR\#\YrY]"\kV[
QkV_hX \R[ko_OV[\ qZV\ _̂owVZ"\ q[\Wgqh"\T �Zq̀m ^̀R\RRkVwh[OvVr\ V̀ hkR\RQhZRu
W#qh̀$m R\ g\R$YiQnV$k_V"vPqh̀ g\RQP\[QRm Wh\ vRZVk_V"vPqh̀ jR\oqZVQg]]V\�YR̀

ko]̀ Wh\hjR]hXwV\ZR̀ k]P_"$V̀ kV]]Rk]g$]P�h̀$ZV[XẀV[h_"ZPQRZV$�T �̀ZhO\̀Yg$R[Zg$
q[\Pv"$h̀qô V[\Qĥ o]Vî YVQl\[QoZ"\qZVWXYZ[VT s\RkZrOvlYR\R_YhZg$kR_R]]R̂ g$

Zl$ZhO\̀YP$R[ZP$^̀RZl\ R\RpPZlqlqh g\RRWiQlZVbeef d}beef WXYZ[VT
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flood Teeming 2-Random paths

NOPQRST����gvVWV̀ R\RpPZlql$qh �xcdf�|d�fez���WXYZ[R

���<G�DD;<GH
NZVRk]i�}}zyx�m }Yovh beef k_V"vhX ZVQP\[QoZV[qh i]V[$ZV[$ ĥXZV\g$ZV[T�Rv#$

k_V"vVr\ZR̀ ZR Ql\rQRZR qOlQRZXphZR̀ ZV Wg\Z_V ZV[ qOPQRZV$ST��RT �i_V$Wg\Z_V
Xq"$\R Ql\ hX\R̀ R_YhZo RY_̀nP$^̀RZX YokV̀V$YiQnV$QkV_hX \R [ko_Oh̀ kR_Rko\"Rki

QXRwV_oqZV\ _̂owVR[Zi�RwVr [ko_OV[\ YrY]V̀�R]]onVlvoh̀ qZV\RVkZ̀YVkV̀PqV[Qh
Zl\hk̀YV̀\"\XRT	[q̀Yolhk̀YV̀\"\XRqZRQRZoiZR\wZoqV[Qh qh g\RQĝ q̀ZVnovV$d YR̀

Wh\ hkR\Rk_V"vVr\ZR̀ XẀR��efyecT

UVnRq̀YiQh̀V\gYZlQRZV[�}}zyx�hX\R̀ VkV]rQĥ o]V$R_̀vQi$Ql\[QoZ"\kV[k]lQQ[u
_XpV[\ZVWXYZ[VVVkVXV$R[jo\hZR̀ hYvhZ̀Yo"$k_V$ZVnovV$d Zl$R\RpPZlql$R]]oYR̀

ZV\ nRvQi ZV[ Yovh YiQnV[�R_̀vQi$ ĥ̀Zi\"\�T �Q"$V R]̂ i_̀vQV$R[Zi$gOh̀ YR̀ Zl\
Qĥ R]rZh_lk̀vR\iZlZR\Rn_h̀ Zl\k]l_VwV_XRm R\ R[ZP[ko_Oh̀ qZVWXYZ[VT

	BBE<GH
UVdee�yx�hX\R̀ Q̀Rk̀vR\VZ̀YPQgvVWV$R\RpPZlql$kV[qOhẀoqZlYh Qh qZiOV\RQh̀"vhX
V R_̀vQi$Z"\ Ql\[QoZ"\T �Yovh beef k_V"vhX ZV QP\[QoZV[ qh g\RZ[ORXV [kVqr\V]V

Z"\ ĥ̀Zi\"\ ZV[T �_XpV[Qh Zl\ k̀vR\iZlZR
\R k_V"vPqV[Qh ZV QP\[QR qh YokV̀V\
ĥXZV\RT �Zq̀ R\�hX\R̀ V̀ ĥXZV\h$h\i$beefm ZV Qĝ hvV$ZV[ [kVq[\i]V[ R[ZVr QkV_hX

\R hX\R̀ Rki
0 "$�m Qh QgqV Qĝ hvV$�· 
T UV Rk]i�}}zyx� QkV_hX \R vh"_lvhX"$Q̀R

h̀ẀYPkh_XkZ"qlZV[dee�yx�Qh
= 1
�qOPQRST���T tR_iQV̀RZhO\̀YP hX\R̀ ZV�}zy'ez

faxz}���� ����T
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�R]̂ i_̀vQV$R[Zi$ĥ [̂oZR̀ k̀vR\VZ̀YP hk̀Z[OXR Zl$R\RpPZlql$T �qV k̀V Q̀Y_i hX\R̀
ZVwm ZiqV]̀ îZh_V̀ YiQnV̀ vRẀh_h[\lvVr\Qh RkVZg]hqQR\RgOV[Qh YR̀ Q̀Y_iZh_lk̀vRu
\iZlZRhr_hql$RkVZh]gqQRZV$T �Q"$kh_̀V_Xph̀ R_YhZoZV\ R_̀vQiZ"\ Ql\[QoZ"\ ik"$
gWh̀jR\ qZV ����T

	BBE<GH�<>�;BC��
�Rv#$YRZhnRX\V[Qh qh ORQl]iZh_R hkXkhWR ZV[ Wg\Z_V[ R\RpPZlql$[ko_OV[\ kV]]Rk]o
R\ZX̂ _RwR ZV[ Ql\rQRZV$R\RpPZlql$qZV WXYZ[VT NZV�}}zyx� ^̀R kR_oWh̀ Q̂R ZR Ql\ru
QRZR R[Zo R[jo\V[\ hYvhZ̀YoT �̀R \R R\Z̀QhZ"k̀qZhX R[Zi ZV k_in]lQR QkV_VrQh YRv#$

ZVhkXkhWVR[jo\hZR̀m \RQh̀#\V[QhZV[kVqr\V]VZ"\ ĥ̀Zi\"\qZVVkVXVvRk_V"vlvhX ZV
QP\[QRT �Zq̀ lk̀vR\iZlZR
Wh\kR_RQg\h̀ qZRvh_PR]]ohX\R̀ q[\o_ZlqlZV[novV[$Zl$
R\RpPZlql$T t̀Vq[̂ YhY_̀Qg\Rm
=

�
(��
�
)

ikV[�hX\R̀ ZVnovV$ZV[YiQnV[ qZVWg\Z_V
�cdeb�YR̀ �hX\R̀ QXRkR_oQhZ_V$kV[Zl\ V\VQopV[Qh ze|a�bafa�edefT �̀RRkVZh]hqQRu

Z̀YP q[\o_Zlql�hX\R̀ R[ZPkV[Qh̀#\h̀ hYvhZ̀YoZl\k̀vR\iZlZR
Wl]RWP
= (1 − �)�T

��G;DEF�>�= �����	
NZV\R]̂ i_̀vQVR[ZiVbeefkV[jhỲ\oZl\R\RpPZlqlhk̀YV̀\"\hX Qh� ĥXZV\g$ZV[(���) T
skihYhX YR̀ kg_RYovhbeefk_V"vhX ZVQP\[QRQi\Vqhg\R\Z[ORXRhk̀]ĥ Qg\V ĥXZV\oZV[T
�Zq̀ WlQ̀V[_̂ Vr\ZR̀�QV\VkoZ̀R R\RpPZlql$QPYV[$�T NZV\ R]̂ i_̀vQV R[Zi hk̀]ĝ hZR̀

q[\Pv"$kV]rQĥ R]rZh_V����T 	X\R̀ wR\h_iiZ̀ VR]̂ i_̀vQV$R[Zi$gOh̀ ZVQ̀Y_iZh_V
wi_ZV Ql\[QoZ"\m iQ"$gOh̀ YR̀ Zl\ Q̀Y_iZh_l k̀vR\iZlZR hk̀Z[OVr$R\RpPZlql$�qOPQR

ST���T

�ko_OV[\ kV]]g$kR_R]]R̂ g$R[ZVr ZV[ R]̂ V_XvQV[T ��u�a��ef faxz}�a��}fyd������
kR_ô h̀ �u�a��efc kV[k_VO"_o\h qZVWXYZ[Vhk̀YV̀\"\#\ZR$kh_̀VẀYoQh ZV\��ef�x}ze
^̀R\RQovV[\ R\k_gkh̀ \RqZRQRZPqV[\P\Rq[\hOXqV[\�R\lk]l_VwV_XRn_gvlYh�T NZV
��}u�e{e�
axz}��a���eaf|��f}d}|}� ���� [ko_OV[\WrV���T�gO_̀ \R]Pjh̀ ZVk_#ZV
���kR_ô V\ZR̀ �a��efc kV[q[\hOXpV[\ QgO_̀ \R]Pjh̀ ZVWhrZh_VT

�>B?�><�B;BBFBG<GH

�QgvVWV$ZV[ ydefady{e zeebexyx� k_VZovlYh����m ��m ����Qh qZiOV \R h]RÒqZVkV̀Pqh̀
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ZRQl\rQRZRT�_lq̀QVkV̀hXZR̀ iZR\ \̂"_XpV[Qh iZ̀ lk]l_VwV_XRgOh̀ Qĥ o]h$k̀vR\iZlZh$
\Rn_hvhX qZl\ ĥ̀ZV\̀oh\i$YiQnV[T �[q̀RqZ̀YoYR]VrQh QXRQgvVWVR\RpPZlql$Qh���
	�T s\ RkVZrOh̀ m hkR\R]RQno\V[Qh Zl\ R\RpPZlql Qh���	� YTVTYT QgO_̀ \R n_VrQh

Zl\k]l_VwV_XRT�î"Zl$hYvhZ̀YP$Rrjlql$Z"\ Ql\[QoZ"\ Qh ZV���m hX\R̀ k̀vR\iQ̀R
hkR\R]lkZ̀YPR\RpPZlql^̀R����m�m�QkV_hX \Rhk̀wg_h̀ q[\V]̀Yo]̀ îZh_RQl\rQRZRqh
qOgql Qh Q̀RRkh[vhXR$R\RpPZlql Qh���	�^̀RkR_oWh̀ Q̂RT

�<?BC>B;
�*�G;<G>B��<HBG>=B�?C����

�ẀgRkXq"RkiR[Zi\ZV\dee�yx�R]̂ i_̀vQVhX\R̀ iZ̀ hk̀]ĝ hZR̀ g\R[kVqr\V]VkV[gOh̀
Qĥ o]l k̀vR\iZlZR \R W#qh̀ _̂P̂ V_R hk̀Z[Og$RkVZg]hqQR R\RpPZlql$T �̀R Zl\ hk̀]V̂ P

Z"\
YR]#\
 ĥ̀Zi\"\m Yovh YiQnV$w[]o Rk]o qZRZ̀qZ̀Yo ^̀R ZV[$ ĥXZV\g$ZV[T �̀R
kR_oWh̀ Q̂R


• UV\ Qĝ q̀ZVR_̀vQihk̀Z[OlQg\"\ RkR\ZPqh"\"$Z#_R
• UVQ̀Y_iZh_V�}bu|}�xd kV[O_h̀oqZlYh ^̀RQ̀Rk_Vl̂ VrQh\lR\RpPZlql��adex|��
• UVkiqVqZRvh_i$hX\R̀ V ĥXZV\R$�R\ [ko_Oh̀ ^̀RYR̀_ihYhX�
• �̂ hXZV\R$Qh ZVQ̀Y_iZh_V�ecca�e��e�e�V]̀ îZh_VRkRqOV]lQg\V$�T

�h Zl\ q"qZP hk̀]V̂ P ĥ̀Zi\"\ QkV_VrQh \R Qh̀#qV[Qh ZV\ R_̀vQi Z"\ Ql\[QoZ"\m \R
gOV[Qh kV̀VZ̀Yg$R\RplZPqh̀$YR̀ Q̀Y_iZh_V fecb}xce dy�eT NZV ���� Qi\V V��ef� x}ze
O_lq̀QVkV̀Vrqh qZRZ̀qZ̀Yo ^̀R \R k_V"vPqh̀ ZV QP\[QRT �]V̀ V̀ o]]V̀ YiQnV̀ gYR\R\
Rk]i�}}zyx�T NZV ���� iQ"$O_lq̀QVkV̀PvlYR\
�e��}fzc
YR̀ gZq̀ ĥ\\PvlYh l ẀgR

ZV[�e��}fz��ef� kV[ RkVZh]Vr\ZR\ Rki Zgqqh_̀$QlOR\̀qQVr$
 R\RpPZlql$m bf}'�yx�m
Rj̀V]î lql Z"\ beefm hr_hql$kR_Rk]Pqh"\ h_"ZPqh"\T �Zq̀ V Yovh YiQnV$hk̀]ĝ h̀

ĥXZV\h$kV[Rko\ZlqR\ _̂P̂ V_Rqh kR_iQV̀h$h_"ZPqh̀$qh kR_h]vi\T

�DC�� <G;<CB=@�=B;=B�?C����

�ovhYiQnV$w[]oh̀ h[_hZP_̀VQh WhWVQg\RR\RpPZlql$^̀RZV[$�u�}b ĥXZV\g$ZV[T �Zq̀
R\ g_vh̀ g\R��ef� QkV_hX _̂P̂ V_R \RRkR\ZPqh̀ R\ YokV̀V$RkiZV[$�u�}b ĥXZV\h$gOh̀

Zl\ k]l_VwV_XRT �Zq̀ QkV_VrQh \R RkR\ZPqV[Qh qh QXR h_#Zlql Qh Zl\ XẀR RY_Xnh̀R
RkRqOV]#\ZR$ ]̀ îZh_V[$YiQnV[$T �̀ YiQnV̀ hkhjh_̂ opV\ZR̀ g\R QP\[QR R\RpPZlql$
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Qi\VR\ZVnovV$R\RpPZlql$zR\PYh̀ qh g\RYV̀\ib}�y|��kV[hX\R̀ XẀV^̀Ri]V[$ZV[$
YiQnV[$T s\ ZVnovV$zWh\ R\PYh̀ qZV�ZiZh Rk]ok_V"vVr\ ZVQP\[QR qZV[$ ĥXZV\h$
Qh novV$z��T
�̀RkR_oWh̀ Q̂RR\�= 2 YR̀�= 0�3�6 ZiZhVYiQnV$R\RpPZlql$�novV$��vRhkhjh_̂ RqZhX

ZVQP\[QR�Wl]RWPvRWh̀ R\[ko_Oh̀ RkVZg]hqQRqZVh[_hZP_̀VZl$�u�}b ĥ̀ZV\̀o$�T s\Wh\
[ko_Oh̀ vRk_V"vPqh̀ ZVQP\[QRqZV[$ ĥXZV\h$QhnovV$�= 1 T s[ZVX Wh\vRhkhjh_̂ RqZVr\

ZV QP\[QR ^̀RZX ZV�= 1
Wh\ R\PYh̀ qZV b}�y|� �T�Zq̀m ZV QP\[QR Rk]o vR k_V"vlvhX

qZV[$ ĥXZV\h$QhnovV$�= 2 YR̀ QhZoqZV[$ ĥXZV\h$QhnovV$�= 3 T �̀YiQnV̀ QhnovV$
�

= 3 R\PYV[\ qZV�VkiZh vR X̂\h̀ R\RpPZlqlqZVZVk̀Yih[_hZP_̀VYTVYT

URh[_hZP_̀R R[Zok_gkh̀ \R R\R\h"vVr\ Yovh wV_okV[ YokV̀V$beef h̀qg_OhZR̀ P whr̂ h̀
RkiZVqrqZlQRT�R\XO\h[ql^̀R�ay��fec X̂\hZR̀ Qh O_PqlQl\[QoZ"\byx�T th_̀qqiZh_h$

k]l_VwV_Xh$vRn_hXZh qZV ����T

�DA><GH<G;<CB=@�=B;=B�?C���


�QgvVWV$R[ZP QV̀oph̀ kV]r Qh Zl\ QgvVWV�yfe|dez��� axz yxde��y�exd ceaf|� ����T
	\#lyxde��y�exd ceaf|�nRqXphZR̀ qh qZRZ̀qZ̀Yok_Vl̂ V[Qg\"\ h_"ZPqh"\^̀R\Rhk̀]gjh̀

ZV [kVqr\V]V kV[ vR k_V"vlvhX ZV QP\[QRm l f}�dyx� yxzy|ec RkVvlYhrh̀ k]l_VwV_Xh$"$
k_V$ZR vgQRZRP ZV\ R_̀vQiZV\ R_OhX"\ kV[ w[]oqqh̀ VYovh ĥXZV\R$T �Zq̀ l QgvVWV$

R[ZP ZR̀_̀oph̀ qh R\RplZPqh̀$"$k_V$ZV kh_̀hOiQh\V�|}xdexd ceaf|���efyec�R\ZX ^̀R
R\RplZPqh̀$"$k_V$YokV̀V'�exa�eT UR R_OhXR QkV_Vr\ \R R\PYV[\ qh kR_Rko\"Rki
g\Rd}by| YR̀ Yovh YiQnV$w[]oqqh̀ k]l_VwV_Xh$��e��}fzc�ZRẀYoZV[R_OhXRT �Zq̀ qh

YokV̀R R\RpPZlql hk̀]ĝ V\ZR̀ V̀ �YR]rZh_V̀ ĥXZV\h$T �R]VX ĥXZV\h$vh"_Vr\ZR̀ R[ZVX
kV[gOV[\ R_OhXRQh d}by|c YV\Zo"$k_V$R[ZikV[R\RplZoQh PgOV[\kV]]oR_OhXRT

�;�F><�BF?D@�@<�<=><C=B�?C���	���
NZl\ QgvVWV R[ZP [kVvgZV[Qh iZ̀ RkVvlYhrV\ZR̀ R\Z̀YhXQh\R qZV WXYZ[V Qh QXR q[̂ Yhu
Y_̀Qg\l YRZR\VQPT �R]̂ i_̀vQV$nRqXphZR̀ qZV\�u�a��ef faxz}��a��axzbf}�a�y�ycdy|
�}f�afzyx�T �YovhYiQnV$k_V"vhX ZV\QP\[QRqZV\ ĥXZV\RQhZl\Qĥ R]rZh_lk̀vR\iZlZR

\R RkR\ZPqh̀ T �k̀vR\iZlZR R[ZP [kV]V̂ XphZR̀ Qh noql k_Vl̂ VrQh\R��efyec YR̀ R\R\h#u
¤�����¥¦�£ §���£ ������0��������������� �������� �¡� �¢�£
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\hZR̀ Qh noqlZVRkVZg]hqQRZV[Z"_̀\Vr��ef��R\lR\RpPZlqlPZR\vhZ̀YPlk̀vR\iZlZR
R[jo\hZR̀ h\#R\ RkgZ[Oh Qh̀#\hZR̀�T
�̀R \R hk̀]gjV[Qh ZV\ YRZo]]l]V ĥXZV\Rm Yovh YiQnV$w[]oh̀ g\R h[_hZP_̀V Qh ZV[$ ĥXu

ZV\g$ZV[T NZVh[_hZP_̀VYovh ĥXZV\R[ko_Oh̀ g\Rh[_hZP_̀V^̀RYovh }�"e|d ^̀RZVVkVXV
h_"ZPvlYh YR̀ k_V#vlqh qh R[Zi\T �Z̀QP qZV h[_hZP_̀V R\RkR_̀qZo Zl\ k̀vR\iZlZR \R

k_V"vPqV[Qh ZV��ef�^̀RZVq[̂ YhY_̀Qg\V}�"e|d qZV\ q[̂ YhY_̀Qg\V ĥXZV\RT

s_ÒYoi]h$V̀ k̀vR\iZlZh$hX\R̀ XẀh$YR̀ VYiQnV$kV[vRk_V"vlvhX ZVQP\[QRhk̀]ĝ hZR̀
Z[ORXRT s\ hX\R̀ hk̀Z[OP$l R\RpPZlql l k̀vR\iZlZR R[jo\hZR̀ R]]̀#$Qh̀#\hZR̀T �Zq̀
q̀ ôq̀ ôQkV_VrQh \Rn_VrQhkV̀V̀ hX\R̀ V̀ k̀VYR]VX ĥXZV\h$^̀R\RQR$RkR\ZPqV[\qZV
q[̂ YhY_̀Qg\V}�"e|d��ef�T

�DE<G�><GH=B>@�=B;=B�?C����

NZl\ QgvVWV R[ZP hk̀]ĝ hZR̀ g\R$R_̀vQi$Rki YiQnV[$#qZh \R wZ̀ojV[\ g\R |}xxe|dez

z}�yxadyx�ced�����T�\R���qh g\R���WXYZ[VhX\R̀ g\R[kVqr\V]VZ"\YiQn"\kV[
q[\WgV\ZR̀ oQhqR QhZRjr ZV[T �]V̀ V̀ o]]V̀ YiQnV̀ gOV[\ ZV[]oÒqZV\ g\R ĥXZV\R qZV
���T�R\RpPZlql hk̀Z[̂ Oo\hZR̀ Qh g\R Z[ORXV kh_koZlQR ko\"qZV z}�yxadyx� cedT �

YRZRqYh[P ZV[ z}�yxadyx� ced YRZRqYh[ophZR̀ Qi\V Qh ZVk̀YP k]l_VwV_XR��u�}b�ik"$
gWh̀jR\ qZV ����T

�R\RpPZlql X̂\hZR̀ "$hjP$T s\ V YiQnV$R\RpPZlql$Wh\ hX\R̀ qZV z}�yxadyx� cedm
k_V"vhX ZVQP\[QoZV[qh g\R\ z}�yxadyx� ĥXZV\RT �YiQnV$qZVz}�yxadyx�ced�oO\h̀

qZl\ ZVk̀YP noql WhWVQg\"\ YR̀ R\ Wh\ n_h̀ Rko\Zlql k_V"vhX ZV QP\[QR qZV[$ ĥXZV\g$
ZV[T �̀ ĥXZV\h$kV[ hX\R̀ qZV z}�yxadyx� ced vR k_V"vPqV[\ kR_Rkg_R Zl\ k]l_VwV_XR

h\#V̀ [ki]V̀kV̀ Rk]ovR�ojV[\ZVk̀Yo^̀RRko\ZlqlT

�V_̂ o\"ql Zl$QhviWV[ R[ZP$ZR̀_̀oph̀ qh q[qZPQRZR kV[ gOV[\ c�bef beefc ik"$ZV
�a�aaYR̀ ZV�}fb�e�cT
������0��������������� �������� �¡� �¢�£ ¤�����¥¦�£ §���£
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UR�}�y�e azu�}| WXYZ[R��S���c�RkVZh]Vr\ZR̀ Rki Rqr_QRZV[$YiQnV[$kV[ hk̀YV̀u
\"\Vr\ QhZRjr ZV[$O"_X$YokV̀R qZRvh_P ẀYZ[RYP [kVWVQPT �_lq̀QVkV̀Vr\ZR̀ qh YRu

ZRqZoqh̀$YRZRqZ_VwP$m qh khWXR QoOl$m qh q[\gW_̀Rm YR̀ gOV[\ Yh\Z_Xqh̀ ZV h\ẀRwg_V\
ZR Zh]h[ZRXR O_i\̀R Y[_X"$Qh Zl\ O_Pql Z"\ ẀYZr"\ Rki R\̀O\h[Zg$�cexc}f xed�}f�c�T
UgZV̀RWXYZ[RhX\R̀ k̀vR\i\R[]VkV̀lvVr\qZVoQhqVQg]]V\QhqZiOV\RYRZR̂ _owV[\YR̀
\R h]ĝ OV[\ ZV w[q̀Yi kh_̀no]]V\ qh RkVQRY_[qQg\h$kh_̀VOg$T �h ZV \R ẀYZ[#qV[Qh
R[ZVr$ZV[$R\̀O\h[Zg$m hk̀Z[̂ Oo\V[Qh RY_̀ngqZh_lYRZR̂ _RwPZl$k]l_VwV_XR$Qgq"Zl$
q[\h_̂ RqXR$QhZRjrZV[$T �lZ_VkV]̀Z̀YoWXYZ[RgOV[\ R\RkZ[OvhX qh YokV̀h$ki]l$O_lu
q̀QVkV̀#\ZR$Yh_RXh$qZ̀$V_Vwg$Z"\ YZl_X"\"$g\Rh\R]]RYZ̀YiRqr_QRZVWXYZ[VT

NZR azu�}| WXYZ[Rm Rqr_QRZV̀ YiQnV̀ hk̀YV̀\"\Vr\ QhZRjr ZV[$RwVr Wh\ [ko_Oh̀ o]]l
qZRvh_PẀYZ[RYP[kVWVQPT�$hkX ZVk]hXqZ"\m ZRWXYZ[RR[ZoRkVZh]Vr\ZR̀ RkiVQiZ̀QV[$

YiQnV[kV[hk̀YV̀\"\Vr\Rqr_QRZRO"_X$YokV̀V\Yh\Z_̀YVkV̀lQg\Vg]ĥ OVT NZRRqr_QRZR
WXYZ[Rl hk̀YV̀\"\XRQhZRjrWrVYiQn"\ QkV_hX \R X̂\h̀ Rk�h[vhXR$Qi\VR\ V̀ WrVYiQnV̀
hX\R̀ h\Zi$hQnh]hXR$ZV[Rqr_QRZV[hjVk]̀qQVrT s\YoZ̀ ZgZV̀VWh\hX\R̀ W[\RZiZiZhk_gkh̀
\R X̂\h̀ hk̀YV̀\"\XR����
����
�����	��
��	����� �!��� ����dyu�}b |}���xy|ady}x�T
s[ZP hX\R̀ YR̀ l nRq̀YiZh_l ẀRwV_o Qh ZR ��� WXYZ[R ikV[ W[V YiQnV̀ vh"_VrQh iZ̀
QkV_Vr\ \Rhk̀YV̀\"\PqV[\ Rkh[vhXR$Qgq"ZV[yxdefxedT
�\RRkVWhYZiQV\Zg]V^̀RZl\vh"_lZ̀YPQh]gZlZgZV̀"\ẀYZr"\hX\R̀ ZV"��#�$%&'(�)�*


WrVYiQnV̀ sYR̀+q[\WgV\ZR̀ ko\ZRiZR\lRkiqZRqlZV[$hX\R̀ Q̀Y_iZh_lRki
m ikV[

hX\R̀ lRYZX\RQhZoWVql$T UVQV\Zg]VR[ZiYo\h̀ kV]]g$[kVvgqh̀$RwVrvh"_hX iZ̀ i]V̀ V̀

YiQnV̀ gOV[\ Zl\ XẀR hQng]h̀R
m iZ̀ Wh\ [ko_OV[\ hQkiẀR�[kVû _owV̀ ZV[ �xydu�fab��miZ̀ Wh\ [ko_OV[\ YRZh[v[\Z̀Yg$Yh_RXh$�qZl\ k_ojl QkV_hX \RQl\ q[\WhiQRqZh Qh i]V[$
ZV[$YiQnV[$kV[ hX\R̀ QgqR qh QXR RYZX\R R]]o Qi\V qh iqV[$hX\R̀ Qk_VqZo QR$^̀R
kR_oWh̀ Q̂R�T ,Q"$hX\R̀ YR̀ ZV QV\RẀYi QV\Zg]V kV[ Qh]hZoZR̀ qZl\ ǹn]̀V̂ _RwXRT UV

qOPQRST��QR$WhXO\h̀ g\RkR_oWh̀ Q̂Rh\i$ZgZV̀V[ _̂owV[Qh Zl\ WVqQg\l RYZX\R
T

-./.0 123245678292:-;<=

¤�>���¥¦�£ §���£ ������0��?�>@��������� �?�?���� >¡> �¢�£



��������������
�������	 ��


NOPQRST��
 UVQV\Zg]V�xyd �fab�
�ovh YiQnV�kV[n_XqYhZR̀ qh RkiqZRql Q̀Y_iZh_l
Zl�RYZX\R�q[\WghZR̀

�
����������������������������� ���


UR WXYZ[R R[Zom YR]Vr\ZR̀ hkXql�[n_̀ẀYo azu�}| WXYZ[Rm O_lq̀QVkV̀Vr\ZR̀ ^̀R \R q[]u
]ĝ V[\ WhWVQg\R ik!�vh_QVY_RqXRm R\XO\h[ql OlQ̀Y"\m YX\lql YZ]T t_iYh̀ZR̀ ^̀R g\R
WXYZ[V Rki R\̀O\h[Zg�kV[ hk̀YV̀\!\Vr\ QhZRjr ZV[�Qh qZiOV \R q[\h_̂ RqZVr\"qZh \R
R\ZR]]ojV[\k]l_VwV_Xh�YR̀ \Rhjô V[\ g\Rq[Qkg_RqQRT

#$�%&'&(����)*
������+��,��-

�h_̀YoWXYZ[Rq[\WgV\ZR̀ QhqZRvh_P[kVWVQPO_lq̀QVkV̀"\ZR��yfe�ecc a||eccb}yxdcT �̀R

kR_oWh̀ Q̂Rm QkV_hX \RwZ̀ROZhX g\Rk]ĝ QRRkiYh_RXh�qh ZR_oZqh�YZ̀_X!\ Qh qZiOVZl\
WlQ̀V[_̂ XRh\i�h\R]]RYZ̀YVrm W!_ho\m ẀYZrV[Z!\YRZVXY!\ Q̀R�ki]l�T

�
����&�$.)�/���+��,��-

UR VOPQRZR qh g\R\ W_iQV QkV_Vr\ \R WlQ̀V[_̂ PqV[\ g\R azu�}| WXYZ[V Qh qZiOV \R

YRZR̂ _o�V[\ k]l_VwV_Xh�^̀RZVY[Y]VwV_̀RYim \Rk]l_VwV_PqV[\ ^̀Rk̀vR\oRZ[OPQRZR
YTRT UVYovhiOlQRQkV_hX ^̀RkR_oWh̀ Q̂RiZR\R\̀O\hrqh̀ g\RY[Y]VwV_̀RYik_in]lQR\R

QhZRW"qh̀ qhi]RZRVOPQRZRh\Zi�hQng]h̀R�Zl\k]l_VwV_XRYR̀ hYhX\R\RZl\k_V!vPqV[\
kR_Rkg_RT
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